Introduction
The use of biodegradable polymers for biomedical applications is continually increasing and evolving. [1] [2] [3] [4] [5] The present work reviews the most recent literature on the characteristics, properties, and applications of biodegradable polymers already in use or under investigation as drug nanocarriers.
The main advantage of biodegradable polymers is that the products of degradation are not toxic or are completely eliminated from the body by natural metabolic pathways 6, 7 with minimal side effects. [8] [9] [10] [11] [12] These degradation products define the biocompatibility of a polymer. [13] [14] [15] For example, poly(lactic-co-glycolic acid) (PLGA), poly(glycolic acid) (PGA) and poly(lactic acid) (PLA) have been approved by the US Food and Drug Administration (FDA) for certain medical applications, because their products of degradation are eliminated from the body in the form of carbon dioxide and water. 13 Nevertheless, these polymers may reduce local pH, affecting the integrity of the cells in their microenvironment, thus limiting their application in tissue scaffolds. Biodegradable polymers can be of natural origin or "biopolymers" produced by living organisms during the cell growth cycle. 4, 16 They can also be manufactured, which is another advantage of these materials because they show great synthesizing flexibility.
Additionally, these polymeric materials have been used as orthopedic devices to replace bones or blood vessels and surgical sutures. 22, 23 Biodegradable polymeric materials provide a platform on which nanoscaled structures can be developed, and this property can be used in numerous medical applications, from surgical implants to binding matrices of drugs. [24] [25] [26] Nanoparticles made with biodegradable polymers have been an important instrument in the treatment of neurodegenerative diseases, because of their ability to cross the blood-brain barrier and their high drug-loading capacity, 17 or in the diagnosis and treatment of cardiovascular disease, because of their size, shape, and an available surface area for biomolecule conjugation. 27 Because polymeric nanoparticles have the capability of long-term protection, they can preserve the integrity of drug molecules for more efficient delivery 28 in the case of an unstable active compound. For example, PLGA nanoparticles can contain nitric oxide molecules using (trans-[RuCl( [15] ane)(NO)]
2+
) as a nitric oxide donor, 29 PLGA-poly(ethylene glycol) (PEG) protect curcumin from macrophages, 30 and PEG reduces the toxicity and increases the stability of gold nanoparticles. 31 Biodegradable polymeric nanoparticles influence the pharmacokinetic behavior of drugs by fine-tuning release, like the sustained release of nerve growth factor encapsulated in polyphosphoesters. 32 Some biopolymers degrade in specific pH environments, like paclitaxel poly(β-amino ester) nanoparticles which dissolve in the intracellular pH range of 5.1-6.5. 33 Thus, convenient characteristics of nanoparticles can be achieved by combining different polymers. For instance, PLGA provides a hydrophobic core that is able to retain oily material, 34 while PEG reduces the interaction with untargeted tissues, increasing specificity. 35 This review begins by describing the mechanisms of synthesis and degradation of a variety of biodegradable polymers. It also discusses encapsulation techniques used to prepare nanoparticles from these polymers, their biomedical applications, cellular uptake, and factors that affect bioavailability and internalization of nanoparticles.
Classification
Biodegradable polymers can be broadly classified, according to their origin, as natural and synthetic polymers. Natural polymers are the first option in biomedicine, due to their abundance in nature and biocompatibility. However, their full exploitation has been limited because of batch-tobatch variations in properties or risk of viral infections. 36, 37 This is the case with parvovirus B19 infection transmitted by blood products such as fibrin, which is widely used as a surgical adhesive, hemostatic agent, and sealant. 38 Synthetic polymers, on the other hand, have manufacturing flexibility and reproducibility. 39 Classification of biodegradable polymers is mainly restricted to their origin. 6, 37 In Table 1 , we include subclassifications of common polymers used or currently under study for biomedical applications. Aliphatic polyesters, such as PLA, PLGA, and PGA, are the most used synthetic polymers. 40 In this review, we give emphasis to synthetic biodegradable polymers that, in our opinion, have more potential in commercial applications where process manufacture reliability and batch reproducibility are often required. Table 2 shows several of the reactions involved in synthesis of these polymers, including ring opening, polycondensation, bulk synthesis, dehydrative coupling, transesterification, and polymerization. 6, 50, 161 Poly(lactic acid) 6, 50, 51 Poly(caprolactone) 6 Poly(lactic-co-glycolic acid) 6, 7, 50, 51 Poly(butylene succinate) 162 Poly(trimethylene carbonate) 50 Poly(p-dioxanone) 4 Poly(butylene terephthalate) 6, 37, 163 Poly(ester amide)s Hybrane ® S1200 43, 79 Polyurethanes DegraPol Poly(ortho esters) II 6, 7, 48 Poly(ortho esters) III 6, 7 Poly(ortho esters) Iv 6, 7 Poly(alkyl cyanoacrylates)
Synthesis
Poly(butyl cyanoacrylate) 6 Polyether Poly(ethylene glycol) 3, 51, 164 Poly(amino acids) Tyrosine derived polycarbonate 6, 165 Semisynthetic Microbial polyesters Poly(β-hydroxyalkanoate)s 6, 166 Poly(hydroxybutyrate) 6, 166 Poly(hydroxybutyrate-cohydroxyvalerate) 50 liquefied state polycondensation. 43 However, this method is hampered by difficulty in obtaining high molecular weight polymers, achievement of specific end groups, and preparation of well defined copolyesters. 44 
Bulk synthesis
As mentioned before, open ring polymerization is the most important method for synthesis of biodegradable polymers, but other methods can be used. Polyurethanes can be produced by bulk synthesis using diisocyanate (Table 2C ). The reaction occurs by dehydrating the macrodiol followed by addition of 4,4′-diphenylmethane diisocyanate under a nitrogen atmosphere. The resulting polymer is precipitated in water and then vacuum-dried. 45, 46 Dehydrative coupling Polyanhydrides are synthesized by dehydrative coupling of carboxyl groups (Table 2D ). This reaction occurs by the conversion of the carboxyl group to a mixed anhydride with acetic acid. The prepolymer is then subjected to melt polycondensation. Thereby, generation of high molecular weight species is limited by reversible thermal depolymerization. In addition, acetic anhydride reflux may be unsuitable for heat-sensitive monomers. 47 
Synthesis of poly(ortho esters)
Poly(ortho esters) (POE), consisting of a family of four members, can be produced as follows: POE I can be synthesized by transesterification between a diol and diethoxytetrahydrofuran; POE II can be synthesized by the reaction of diketene acetal 3,9-bis(ethylidene-2,4,8,10-tetraoxaspiro [5] undecane) (Table 2E) ; and POE III can be synthesized by polymerization of a triol with an ortho ester, whereas POE IV is a modification of POE II by hydrolysis of the ortho ester linkage.
48

Mechanisms of degradation
As mentioned before, the degradation of biodegradable polymers may lead to complete elimination of degradation products from the organism. Since the products of 
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Marin et al polymer degradation can produce alterations in a cell, such as inflammatory responses, 14 the biocompatibility of the biodegradable polymer is defined by these degradation products. 49 The mechanisms of degradation for different polymers depend on the chemistry, molecular weight, and morphology of each type of polymer, and environmental factors such as pH or temperature also play an important role. Degradation occurs mainly by hydrolysis, oxidation, or enzymatic reactions. 37, 50 The stability of the polymeric material affects its efficiency. 49, 51 Therefore, knowledge about its mechanisms of degradation is crucial to select a polymer for specific applications. The most important mechanisms of polymeric degradation are discussed below.
Hydrolytic degradation
The hydrolytic mechanism involves reaction of vulnerable bonds in the polymer with water molecules, resulting in reduction of the main or side chains in the polymer. This reaction is a second order nucleophilic substitution, in which the rate of the reaction is proportional to the concentration of water and hydrolytic bonds of the polymer. Chemical groups that react with water and contain O, N, S, or P give a positive charge to the nearby carbon atom. 15 The hydrolytic activity depends mainly on the charge value of the reacting carbon atoms, but factors such as conjugate structures, side groups, and dielectric constant or water solubility also affect the hydrolytic activity of the polymer. In polyanhydrides, for example, degradation depends on the backbone of the polymer, and the relationship between the hydrophilic and hydrophobic components can be adjusted to regulate degradation. This condition is possible due to the two hydrolysable sites (Table 3 , structure 7) of the repeating unit. 50 Polymers with hydrolysable backbones, ie, polyesters, polyamides, polyurethanes, and polyanhydrides, are susceptible to hydrolytic biodegradation under particular conditions. In aliphatic polyesters, for instance, the rate of degradation is more related to water accessibility into the matrix rather than the intrinsic rate of ester cleavage. Graft copolymerization affects reduction of the polymeric main and side chains, for instance, polymers such as PLA, which display improved biodegradability and thermal stability when grafted onto chitosan. Copolymerization can reduce the degradation rate, but also increases it. Hydrolytic cleavage degradation of poly(ester amides) can be enhanced by incorporating amino acid units into the polymers. 50 Polymer degradation causes erosion of the matrix. If penetration of water into the polymer matrix produces a homogeneous erosion of the material, the behavior is called bulk erosion. On the other hand, if erosion of the material represents a mass loss in the surface while the bulk remains intact, degradation is termed surface erosion. 50 A four-step mechanism for degradation of PGA in a buffer solution has been proposed elsewhere. 52 Water is initially absorbed into the sample, followed by polymer molecular weight reduction throughout the sample. As soon as a critical molecular weight is reached, the polymer starts to diffuse from the surface and finally a combination of water diffusing into the polymer structure and polymer erosion on the surface causes complete degradation. 52 
Oxidation
The inflammatory response of cells like leukocytes and macrophages produces reactive oxygen species such as nitric oxide, hydrogen peroxide, or superoxide. These species cause degradation of polymers. 49 Some biopolymers, such as polyethylene, polyether, and polyurethanes, are more suitable to degradation by an oxidation reaction, because their structure can easily generate free radicals. On the other hand, polyesters and silicon are less susceptible to oxidation. 15, 53 This kind of degradation follows the general mechanism shown in Figure 1: initiation of free radicals generated by inflammatory cells or by thermal, photochemical, and radiation processes; proliferation of free radicals by a series of reactions with oxygen; the free radicals produced react with the polymer and are transferred to different regions of the polymer chain; and finally, cleavage of the polymeric chain at the free radical site forms shorter segments. 15 A block copolymer of PEG/ poly(propylene sulfide)/PEG that self-assembles to form nanosized vesicles has been developed. 54 The mechanism consists of oxidation of central block sulfide moieties to sulfoxides and ultimately sulfones, increasing the hydrophilicity of the initially hydrophobic central block. 54 
enzymatic degradation
On the other hand, enzymatic degradation involves hydrolysis catalyzed by enzymes known as hydrolases, such as proteases, glycosidases, and phosphatases. This mechanism follows surface erosion, in that the polymers lose material from the surface because the enzyme cannot penetrate into the polymer. Enzymatic degradation is affected by factors such as interactions with the polymeric chain (diffusion or adsorption of the enzyme), physicochemical properties of substrates (molecular weight, surface area), properties of the enzyme, environmental conditions (pH, temperature), and presence of activators or inhibitors in the medium. 49 For example, rapid swelling and enzymatic degradation of starch reduces its applications in controlled delivery. However, acetylation of starch reduces its enzymatic degradation, improving its potential as a carrier system. 55 The enzymatic hydrolysis of chitosan-grafted PEG and chitosan nanoparticles has been studied using lysozyme, a 14 kD cationic protein that catalyzes hydrolysis of the 1,4-β-linkages between N-acetylmuramic acid and N-acetyl-D-glucosamine. It was demonstrated that nanoparticles made of chitosan showed more enzymatic degradation as compared with nanoparticles made of chitosan-grafted PEG; this reduction in degradation rate can be attributed to the presence of PEG.
30 Figure 2 shows a nanosphere of chitosan-grafted-PEG with the active component inside the nanoparticle core. Figure 2 Scheme of a chitosan nanosphere with grafted PeG. Due to its biodegradability, biocompatibility, and minimal toxicity, chitosan and PeG have been used to develop nanoparticle carrier systems for poorly soluble drugs. The chitosan core can encapsulate drugs, allowing for their subsequent sustained release. Abbreviation: PeG, poly(ethylene glycol).
Step 1
Step 2
Step 3
Chain break up Figure 1 Scheme of general mechanism of oxidation reaction.
Step 1 is an initiation that involves generation of free radicals.
Step 2 (proliferation) is an increase in the number of free radicals by a series of reactions with oxygen in the surrounding polymer.
Step 3 is a transfer of free radicals to different sites in the polymer chain. Finally, the break-up occurs, leading to formation of new chain ends. Notes: R: Polymer chain. *Free radical.
Strategies to control drug delivery
Controlled degradation of polymers helps to maintain drug levels within a suitable therapeutic window, 6 and since different drugs require different release systems, polymeric matrices must be carefully engineered for a specific drug and a specific target. 6 For instance, unmodified chitosan nanoparticles of ammonium glycyrrhizinate showed a burst effect followed by a continuous release profile, 56 while modified chitosan/alginate enabled pH-dependent release of insulin after oral administration. 57 As mentioned earlier, understanding of the degradation mechanisms of a material plays a crucial role in the efficacy of a drug delivery device. The polymeric matrix has to degrade under physiologic conditions in a controlled manner to allow sustained release of the drug. 51 The two main strategies for controlled drug delivery are classified as temporal (Figure 3 ) or targeted ( Figure 4 ) drug delivery systems. 6, 49, 51 A temporal delivery system looks for the extended release of drugs or their release in a specific period of time. This mechanism allows the concentration of the drugs in the body to be maintained at a constant level, thereby reducing the frequency of administration. It also protects the molecule from the environment and ensures maximum benefits from the drug. 51 Temporal release delays diffusion of the molecule out of the polymeric matrix, inhibiting diffusion or controlling drug flow through the matrix. 51 These strategies involve manipulation of some physicochemical properties of the polymers, eg, copolymerizing or blending of polymers in order to change the degradation behavior.
Chitosan/glyceryl monooleate has been used to form paclitaxel-loaded nanoparticles with high entrapment efficiency (98%) and increased mucoadhesive properties. These nanoparticles have a hydrophilic surface and a hydrophobic core, and also have a significant positive charge and sustained-release characteristics. These characteristics intensify the cellular association of paclitaxel and expand the duration of the therapeutic effect of the drug. Delivery starts with a burst release probably due to the tendency of chitosan to swell, followed by slow release. Dose-response studies show that nanoparticles increased MDA-MB-231 cell death when compared with paclitaxel solution alone. 58 A targeted drug delivery system is designed to seek a specific site of action in the body. 6 This mechanism avoids two main situations, ie, side effects caused by drugs in contact with untargeted tissue and drug loss due to natural distribution in the body. 51 A taxane-loaded PGA-PEG nanoparticle conjugated to the A10 RNA aptamer, which binds to prostatespecific membrane antigen, has been developed. This nanoparticle shows enhanced delivery to tumor cells compared 
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Marin et al with the equivalent nanoparticles lacking the aptamer. The ability of conjugated nanoparticles to maintain a significantly higher concentration in the cell is due to uptake by the targeted ligand. 59 Surface modification of the polymeric matrix by addition of enzymatic recognition sites modulates the degradation rate or cellular uptake of the nanoparticle (eg, by means of receptor-mediated gene delivery) enhancing the transfection efficiency. 60 Thus, the transfection efficiency of DNA was improved using a folic acid-conjugated stearic acid-grafted chitosan/pDNA complex in SKOV3 cells. 60 
Encapsulation techniques
Several techniques have been developed to encapsulate drugs using biodegradable polymers in the last 60 years. The major aim of these techniques is to protect active compounds from environmental deterioration and to obtain controlled drug release. 20, 61 These techniques are classified according to the initial state of the polymer into two main categories, ie, nanoparticles obtained from polymerization of a monomer or nanoparticles obtained from a macromolecule.
The polymerization of a monomer to produce nanoparticles is a fast and easily scalable method, with high entrapment efficiency. However, residual molecules in the medium (surfactant, monomer) can be toxic and require extensive purification of the nanoparticles. 62 
From polymerization of a monomer emulsion polymerization
Emulsion polymerization is a technique that can be classified according to continuous phase as organic or aqueous emulsion polymerization. 62 For instance, polymerization of poly(alkyl cyanoacrylate) monomers is a process in which drops of hydrophobic monomers are emulsified in the aqueous phase, and usually requires a pH below 3.5 and constant stirring. Polymerization is confined to the surface of the micelle due to the high ionic strength of the medium. 63, 64 Initialization can occur by clash with an initiator (ion or free radical) or radiation of the monomer molecule. Continuous organic phase methodology may involve toxic organic solvents, surfactants, monomers, and initiators, which represents a disadvantage for biomedical applications. 62 
Interfacial polymerization
Interfacial polymerization involves introduction of an alcohol solution of the monomer into an aqueous solution containing surfactants and ions that induce polymerization. 62, 65 This method has some advantages, such as high efficiency of hydrophilic drug encapsulation (up to 90%) and spontaneous polymer-nanoparticle formation. 62 For instance, nanoparticles of poly(n-butylcyanoacrylate) with diameters of 132 nm prepared by interfacial polymerization have shown excellent transdermal penetration. The major disadvantage of this technique is the use of organic solvents in the continuous phase. 65 
Polycondensation
Polycondensation starts with formation of an oligopolymer membrane at the interface of the oil or water droplet in the emulsion. The inner phase formed through the condensation reaction in the core is forced away from the reaction site, followed by growth of the polymer membrane. 66, 67 Polymeric nanoparticles of polysaccharides with a size range of 200-300 nm have been produced using this method. 68 
From macromolecules emulsion solvent evaporation
This method involves two steps; the first one is formation of an emulsion in a dispersed organic phase containing dissolved polymers in an aqueous phase while constantly stirring. The final step is gradual evaporation of the solvent under low pressure to dry the particles. 62 The modified solvent evaporation method allows production of porous polylactide microspheres that can be aerosolized more easily than nonporous ones, increasing the breathable fractions of inhaled particles. In addition, these particles can maintain overall particle volume while reducing acidic degradation products. These properties allow for diverse medical applications, such as engineering scaffold tissue, drug delivery carriers, and adsorption matrices. 69 Emulsion solvent evaporation appears to be appropriate for laboratory conditions, but is not suitable for large-scale production. 70 
Salting out
This method consists of separation of water-miscible solvents from aqueous solution by the salting out effect. It provides less stress to protein drugs, 71 and allows use of a wide selection of solvents to produce drug nanoparticles. This solvent variation affects particle size, as well as the porosity and roughness of the nanoparticle. 72 A solution of polymer, drug, and a solvent, normally acetone, is emulsified into an aqueous solution that contains a salting-out agent and a colloidal stabilizer. The salting-out agent can be an electrolyte such as calcium chloride, magnesium acetate, or a nanoelectrolyte such as sucrose. This agent may compete for water of hydration causing phase separation. 73 The result of acetone dilution into water is formation of nanoparticles, followed by 
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Biodegradable polymers in nanodrugs solvent and salting-out agent elimination via cross-flow filtration. This is an easy procedure for encapsulation of drugs. However, it is only suitable for loading lipophilic drugs and requires several washing steps. 62 
emulsion/solvent diffusion
This method is very similar to the salting-out technique. In this case, the polymer is dissolved into an organic solvent (partially miscible with water), and the solution is saturated with water in order to reach an initial thermodynamic equilibrium between water and the organic phase. The nanoparticles are formed by solvent diffusion into the aqueous phase. 62 A modified emulsion/solvent diffusion method was used to produce PLGA nanoparticles (280-292 nm). The modified method can produce PLGA nanoparticles with a simple preparation scheme, in which the mixture of water-miscible organic solvent prevents nanoparticle aggregation. 74 
Supercritical fluids
This is a widely applied technique, [75] [76] [77] [78] using the advantageous and exceptional thermodynamic, heat-transfer, and mass-transfer transport properties of supercritical fluids. 79 They have gas-like viscosity and higher diffusivity than traditional solvents, and the density can be tuned by a change in pressure. However, use of this technique is limited due to the poor solubility of high molecular mass (10,000) polymers 20 and difficulty in dissolving strong polar substances in supercritical CO 2 .
62 A supercritical fluid technique was used to produce 5-aminosalicylic acid nanoparticles via a method in which the particle size and morphology could be tuned by adjusting parameters such as concentration, solution flow rate, or temperature. The solution flow rate significantly affected drug loading and entrapment efficiency. 19 
Solvent displacement
Using this procedure, drugs and polymers are dissolved in a water-miscible solvent. Next, the organic solution is injected into an aqueous solution under stirring. Nanoparticles are formed immediately by solvent diffusion. The organic solvent is then eliminated from the suspension under reduced pressure. The major disadvantage of this technique is finding a drug/polymer/solvent/nonsolvent system in which nanoparticles can be formed with efficient entrapment of the drug. Furthermore, this method is not advantageous for encapsulation of water-soluble drugs, due to the fast diffusing rate from the organic phase into the water phase. 62 However, a modified method has been developed to make 300 nm Gantrez TM nanoparticles (poly[methyl vinyl ether-co-maleic anhydride]) with encapsulated ovalbumin which were able to increase antibody titers (immunoglobulins G1 and G2a) in mice. 80 Nanoparticles must be free of contaminants for biomedical application. The main processes for nanoparticle purification include ultracentrifugation, dialysis, gel filtration, and cross-flow filtration. 62, 81 Moreover, chemical factors such as pH can destabilize the system, 82 while physical variables such as storage temperature, Brownian motion, and gravitational forces can produce aggregation, diffusion, or sedimentation of the colloidal particles. 82 A suitable stabilizer or surfactant can be used in order to prevent aggregation or sedimentation phenomena. 83 The physical and chemical stability of nanoparticles can be improved by elimination of water. 62 The most common method used is freeze-drying or lyophilization. 82 Thereby, the nanoparticle suspension can be primarily frozen followed by elimination of water via sublimation. 62, 82 Use of a cryoprotectant such as glucose, sucrose, sorbitol, maltose, gelatin, or mannitol is important to avoid changes in the nanoparticles during the freezing step. 82 Finally, nanoparticles can be stored at room temperature, but some studies have shown that the best long term-storage is achieved by refrigeration at 4°C.
82,84
Biomedical applications
The main goal of nanotechnology as applied in medicine corresponds to use of engineered materials that facilitate interaction of drugs with their biological targets while minimizing side effects. 17 In order to use a biodegradable polymer in biomedicine, its degradation products must be nontoxic and should be easily eliminated from the body. 15 Meanwhile, biodegradable polymeric nanoparticles have been used in scaffolds to promote tissue regeneration. 85, 86 Most frequently, they serve as delivery systems for drugs used in the treatment of cancer and neurodegenerative disorders, as antimicrobials, antivirals, and immunosuppressants, and more recently have been used in cardiovascular disease and osteoporosis.
39,87-89
Cancer
The toxicity of cytostatic drugs is not confined to malignant cells, so it is desirable to encapsulate them in target-specific controlled-release polymers. 89 Nanoparticles provide better penetration of therapeutic substances within the body at a reduced risk and could diminish the multidrug resistance that characterizes many anticancer drugs. 90 International Journal of Nanomedicine 2013:8 submit your manuscript | www.dovepress.com
Dovepress
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Marin et al Among the various biodegradable synthetic and natural polymers used to prepare nanoparticles for delivery of anticancer agents, PLA, PLGA, and poly(caprolactone) are the most often used. 90 For example, paclitaxel-loaded PLGA nanoparticles with antibodies capable of epithelial cell adhesion have been developed. 91 It was demonstrated that paclitaxel-loaded nanoparticles equipped with such antibodies enhanced cellular uptake compared with nanoparticles without the ligand. Additionally, nanoparticles with epithelial cell adhesion capability showed increased antiproliferative activity of paclitaxel.
Moreover, multidrug resistance, which characterizes many anticancer drugs, like docetaxel, was overcome by docetaxelloaded polycaprolactone/Pluronic F68 nanoparticles. Such nanoparticles increased the level of uptake of this drug in a docetaxel-resistant human breast cancer cell line. 90 Cisplatin-based therapeutic regimens have been limited by severe side effects and toxicity to organs, including the liver, kidney, heart, and nervous system. Nanosized drug carriers have been developed to minimize the side effects of cisplatin and enhance its antitumor efficacy through the form of polymeric micelles, liposomes, and solid lipid nanoparticles during cancer therapy. However, the encapsulation efficiency of cisplatin is still poor. 34 Carboxymethyl cellulose core nanoparticles made from PLGA-monomethoxy-PEG copolymers and d-alpha tocopheryl polyethylene glycol 1000 succinate as an emulsifier are homogeneous nanoparticles devoid of debris and aggregation, that enhance the loading efficiency of cisplatin. Hepatic necrosis and atrophy in the kidney in mice treated with free cisplatin has been observed, but not in mice treated with cisplatin-loaded nanoparticles. Further, organs such as the heart, spleen, and lungs did not show any abnormalities. 34 
Neurodegenerative disorders
Neurodegenerative disorders are mostly recognized to be Alzheimer's disease and Parkinson's disease. Their treatment remains a major challenge, since drug delivery to the brain depends on the ability of the formulation to pass the numerous protective barriers surrounding the central nervous system. 17 Nanotechnology provides engineered materials with functional organization on the nanometer scale, which are capable of penetrating the blood-brain barrier. 92 Curcumin is a water-insoluble natural product with antiamyloid and antioxidant activity, both of which are properties recognized as being highly beneficial in the treatment of Alzheimer's disease. 93, 94 New formulations of curcumin attempt to target the drug towards its site of action in the brain and to overcome the problem of insolubility. Thus, a new water-soluble PLGA-coated curcumin nanoparticle has been successfully synthesized and coupled with Tet-1 peptide, giving neuron affinity to the nanoparticles. 94 Other formulations designed to treat neurodegenerative disorders include chitosan nanoparticles loaded with subfragments of amyloid-beta, which permeated the blood-brain barrier and were nonimmunogenic; 95 a transdermal nanoemulsion gel containing ropinirole to treat Parkinson's disease, which improved the relative bioavailability of the drug with no toxicity; 96 and dopamine incorporated into a smart nanocrystal conjugated with PEG and covered by a carbohydrate shell allowing recognition of glucose transporter 1. 97 Detailed reviews on current nanotechnology-based delivery systems applied to the treatment of Alzheimer's disease and Parkinson's disease have been recently published.
17,98
Cardiovascular disease
Current research on biodegradable polymers focuses on their applications in vascular tissue engineering and diagnosis (imaging), while fewer works involve nanocarriers for drug delivery. 39, 99 Nanocarriers for drug delivery have been investigated for treatment of atherosclerosis and restenosis. 27 A novel sustained-release drug delivery system using tacrolimus-eluting biodegradable nanofibers composed of poly(L-lactide-coglycolide) and tacrolimus was developed. This formulation reduced intimal hyperplasia and preserved endothelialization even in a venous stricture and might be useful for preventing recurrent pulmonary venous obstruction after correction of total anomalous pulmonary venous connection. 100 Subsequently, localized drug delivery from drug-eluting stents has been accepted as one of the most promising treatment methods for preventing restenosis after stenting. A controlled-release formulation of epigallocatechin-3-Ogallate in PLCL-coated stents was made to suppress migration and invasion of vascular smooth muscle cells as well as platelet-mediated thrombosis. 101 With this purpose, industry has also manufactured drug-eluting stents containing antiproliferative drugs like paclitaxel and sirolimus that promote integration of the stent within the vessel wall. 27 
Microbial and parasitic infections
Because of their nature and size, polymeric nanoparticles are easily endocytosed by phagocytic cells, which might contain the pathogen. A recent review includes an indepth description of biodegradable polymers in nanoparticles for the treatment of intracellular microbial infections. 89 International Journal of Nanomedicine 2013:8 submit your manuscript | www.dovepress.com
Dovepress
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Biodegradable polymers in nanodrugs viral infections
Numerous groups have proposed biodegradable nanoparticles and microparticles as vaccine delivery systems, aiming at induction of both humoral and cellular immune responses. 39, 102, 103 For example, PLGA has been applied to encapsulate the hepatitis B surface antigen, 102 and PEG and Pluronic-poly(ethylenimine) (PEI) has been used to formulate nanogel carriers of nucleoside reverse transcriptase inhibitors decorated with brain-targeting peptide molecules, which demonstrated high efficacy for inhibition of human immunodeficiency virus-1 in the brain. 104 Another example of biodegradable nanoparticle-based vaccines is the intranasal formulation of entrapped PLGA nanoparticles with ultraviolet-killed porcine reproductive and respiratory syndrome virus antigens. 105 Nanohydrogels of pure chitosan obtained by ammoniainduced physical gelation of a reverse emulsion in a triglyceride were loaded with human immunodeficiency virus-1 p24 and immunoglobulin G and have been proposed as versatile carriers for a variety of biomolecules. 106 
Osteoporosis
The problems associated with current orthopedic drug delivery systems include limited ability to reach the target site by conventional systemic administration and weak bonding of the drug with its carrier, which causes nonspecific bone formation in unaffected areas. For instance, an implantable system capable of long-term drug release of a bone morphogenetic protein derived and peptide loaded onto nanocrystalline hydroxyapatite and dispersed into PLGA was designed. 107 More applications of nanohydroxyapatite have been described elsewhere. 108 
Mitochondria-targeted drugs
Efficient delivery of various drugs targeting mitochondria can be achieved by designing targeted nanoparticles based on blends of biodegradable polymers, such as a targeted PLGAblock-PEG-triphenylphosphonium polymer with either nontargeted PLGA-block-PEG-OH or PLGA-COOH. 109 
Bioavailability
Biodegradable polymers in controlled drug release systems play an important role in increasing the bioavailability of poorly soluble and unstable drugs. For instance, encapsulation in polymeric nanoparticles has improved the solubility and bioavailability of poorly water-soluble curcumin through formation of exosome-curcumin complexes. 110 These results have a significant impact on target-based drug development for successful in vivo drug delivery to treat inflammationrelated diseases. Curcumin-loaded PLGA nanoparticles using PEG 5000 as a stabilizer were prepared. These curcumin nanoparticles were more bioavailable, had a substantial longer half-life than free curcumin, and were nontoxic. 111 Chitosan can be used as a coating material to enhance drug bioavailability due to its absorption-enhancing effect. 70 For example, the bioavailability of cyclosporin A was increased using chitosan nanoparticles. The increased gastrointestinal permeability of charged chitosan nanoparticles improves their absorption rate. 112 Conjugation of PEG to a drug improves water solubility, 113 stability in a specific medium such as blood plasma, 114 and bioavailability. 115 It also improves pharmacokinetic parameters, including volume of distribution, circulation half-life, and renal clearance, 116 and also provides protection from recognition by the immune system, prolongs the circulation time, and increases the efficacy of PEGylated nanoparticles in vivo. 115 
Cellular uptake
The mechanism used by cells to internalize particles varies according to the characteristics of the particles. A general classification of internalization mechanisms includes passive and active transport. Passive transport involves diffusion across the membrane, in which the concentration gradient is the driving force, and osmosis, dialysis and facilitated diffusion are examples of this type of transport. 117 Active transport is an energy-dependent movement across the membrane. This mechanism refers to the reversible binding of a membrane component to the material to be introduced into the cell. 117 Nanoparticles may cross the cell membrane by either passive transport or an active mechanism of internalization, such as endocytosis. 117 Endocytosis is a complex process that includes many alternatives, the best known of which is the clathrin-mediated mechanism. 117 General classifications include two main categories, ie, phagocytosis (actin-dependent process, large particle) and pinocytosis (solid and small particles). 117 Phagocytosis occurs mainly in specialized mammalian cells such as macrophages, monocytes, and dendritic cells, the function of which is to maintain a clean and sterile immune system. 118 The process starts with polymerization of actin, followed by particle internalization mediated by specific receptors, ie, Rho family GTPases, which trigger signaling for ingestion. 118 The conventional particle size for phagocytosis starts at around 0.5 µm. 119 However, some studies have shown that the optimal size range of drug carriers is between 200 nm and 3 µm.
120,121
International Journal of Nanomedicine 2013:8 submit your manuscript | www.dovepress.com
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On the other hand, pinocytosis occurs in almost all cells and involves a variety of mechanisms. The most common uptake pathways are mediated by either clathrin-coated pits or caveolae. 117 Descriptions of the main classes of endocytosis are discussed below.
Clathrin-mediated endocytosis
Clathrin-mediated endocytosis occurs in all mammalian cells and is mediated by specific receptors, and is a process whereby "coated pits" invaginate into the cell and form vesicles, usually with particles ranging from 60 nm to 200 nm. 117 This process occurs typically in a membrane area rich in clathrin. It has been demonstrated that encapsulation of apotransferrin can enhance uptake of curcumin-loaded nanoparticles, because endocytosis of these nanoparticles is mediated by the transferrin receptor. This transferrin receptor is implicated in clathrin-mediated endocytosis. 122 There are several works describing in detail the structure of clathrin and the proteins involved in this pathway, making it possible to model the process of internalization. 123 Serum-containing medium decreased the cellular uptake of 20 nm carboxylate polystyrene nanoparticles by 20-fold compared with serumdeprived medium; however, in both cases, internalization occurred via clathrin-mediated endocytosis. 124 
Caveolae-mediated endocytosis
Caveolae-mediated endocytosis involves bag-shaped compartments in the cell membrane formed by groups of lipids called caveolae, which are capable of producing invagination after interacting with a large number of signaling-associated proteins, such as receptor tyrosine and serine/threonine kinases, G-protein coupled receptors, and steroid hormone receptors, among others. Caveolae are very common in endothelial cells and are considered the main pathway for particles above 200 nm. 125 This is the case of nanoparticles modified with albumin, which are internalized and further degraded by caveolae-mediated mechanisms on endothelial cells. 126 
Macropinocytosis
Macropinocytosis involves the invagination of a highly ruffled area in the plasma membrane, with subsequent internalization of vesicles containing an important amount of fluid from the extracellular region. These vesicles are called macropinosomes (generally bigger than 1 μm) and have poor size selective uptake. 127 This mechanism is based on Rac1 (small G proteins) and actin-dependent, and has been reported in the literature. 117, 128 However, the molecules implicated in the pathway are not known. Studies of the internalization pathway of 90 nm surface-charged PEG-PLA nanoparticles in canine kidney (MDCK type II) cells showed that a fraction of both cationic and anionic nanoparticles internalized through a macropinocytic-like pathway. 129 
Clathrin-caveolae-independent endocytosis
Recently, other endocytic mechanisms have been reported and classified as clathrin-caveolae-independent, 117, 130 showing a similar mechanism of caveolae-mediated endocytosis, 131 but the complete mechanism is not as yet understood. Different cholesterol-rich microdomains are related to this pathway. The cell invaginates via a cholesterol-dependent pathway and the kinetics of internalization are different from conventional transmembrane protein uptake. The cholesterol microdomains form lipid rafts (40-50 nm) that diffuse through the cell surface and are internalized by endocytic vesicles rich in glycosylphosphatidylinositol anchor proteins. However, the factors regulating this mechanism are still unclear.
117,132
Physicochemical properties affecting cellular uptake
Cellular uptake of nanoparticles depends on their physicochemical properties, such as size, shape, charge, and surface hydrophilicity, and the presence of a ligand at the surface.
133-135
Size
Particle size can directly affect the mechanism and efficiency of cellular uptake, endocytosis, and further processing of particles in the endocytic pathway, 117 with the exception of macropinocytosis, which is hardly a size-selective endocytic pathway. 129 Epithelial cells can internalize nanoparticles of a diameter smaller than 100 nm. 136 Nonphagocytic cells can internalize nanoparticles with a lower size limit of 200 nm and an upper limit of 1 µm via a clathrin-independent mechanism. However, these particles prefer a caveolae-mediated endocytosis pathway. 121 Internalization of particles with a diameter less than 100 nm implies a receptor-mediated, vesicle-coated mechanism, in a relative fast process (30 minutes) 121, 131 that also depends on the number of receptors in the target membrane cells. 60 Some studies have established behavioral patterns with regard to nanoparticle size, in that if the particle size decreases, both cellular uptake and cytotoxicity increase. 
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Biodegradable polymers in nanodrugs extent endocytosis can be correlated to cytotoxicity of drugs. 35 Further studies suggest that the increase in cytotoxicity of the compound delivered by liposomes is probably due to a different distribution of liposomes inside the cell compartments, which improves the efficiency of activity. 35, 138 Toxicity of nanoparticles is also related to their size. Some studies show that the PEG-coated gold nanoparticles with a diameters of 5-10 nm accumulate in the liver; 30 nm particles accumulate preferentially in the spleen, and particles with diameters of 10-60 nm have low toxicity in the liver and kidneys. 31 
Shape
Internalization pathways for nanoparticles seem to depend on their shape, so endocytosis of rod-shaped polymeric nanoparticles occurs more rapidly and efficiently than that of sphere-shaped particles in nonphagocytic cells. 120 This characteristic confers an advantage to nanofibers, which are recently developed drug carriers with applications in gene therapy 139 and industrial synthetic chemistry. 140 However, due to the multiple variables involved in internalization mechanisms (eg, shape, size, charge), no general tendency can be established as yet.
Charge and hydrophilicity
Nanoparticle charge and hydrophilicity are affected by polymer composition. 133, 141 Positively charged nanoparticles interact with cells by binding to the cell membrane via electrostatic interactions. 142 These interactions are common in polymers such as chitosan. 143 Studies using negatively charged carboxy-terminal poly(amidoamine) dendrimers have shown significant cellular uptake in a human KB carcinoma cell line. In addition, it has been determined that the surface curvature of the nanoparticles is not a factor that influences the ligand-receptor interaction, but only the charge of the nanoparticles. 142 Cationic PEI nanoparticles have been used to demonstrate that charge on the surface of a nanoparticle modifies its entry through human blood brain barrier endothelial (hCMEC/D3) cells. The charge of the nanoparticle stimulates targeting into a macropinocytotic entry pathway. Additionally, it was found that nanoparticles coupled with a ligand (prion) are internalized via the caveolin 1 and clathrin pathways. 144 An optimized formulation of PLGA nanoparticles coated with cationic materials increased DNA encapsulation efficiency and enhanced gene delivery to A549 lung epithelial cells. 145 The surface properties of nanoparticles can be modified by adsorption of surfactants, hydrophilic stabilizing, or bioadhesive polymers on the nanoparticle surface. These surface modifications affect the properties of nanoparticles, such as zeta potential, hydrophobicity, colloidal stability, and mucoadhesion. 145 It has been suggested that transport of nanoparticles through mucosal surfaces increases with the presence of hydrophilic polymers on the surface of these systems. 133 Mucoadhesion extends the residence time of carrier systems in the site of action, increasing the bioavailability of poorly absorbed drugs. 133 Polymers such as PEG, methylcellulose, hydroxyethylcellulose, and chitosan are examples of materials that show mucoadhesion. 146, 147 For instance, studies using chitosan-loaded and modified chitosan-loaded nanoparticles (chitosan-N-acetylcysteine and N-acetyl penicillamine-chitosan) as a drug delivery system against epidermal growth factor receptor in T47D breast cancer cells showed a high degree of stability and mucoadhesive ability. Modified chitosan nanoparticles prevented degradation of the active substance, showed triggered release properties in simulated intracellular reducing environments, and had higher structural stability and mucoadhesiveness when compared with nonmodified chitosan nanoparticles. 148 
Presence of ligands on the surface
The presence of ligands on the surface of nanoparticles also affects cellular uptake. For example, PEGylated nanoparticles with endocytic and nonendocytic receptors show the important role of receptor-mediated endocytosis in the efficacy of nanoparticles used in the imaging and treatment of cancer. 35 Thus, doxorubicin-loaded nanoparticles with endocytic receptors showed better cellular uptake and anticancer efficiency than those with nonendocytic receptors.
Another interesting therapeutic target that can benefit from ligand-conjugated nanoparticles is the endothelial lining. In order to deliver to this site, a new class of nanocarriers called filomicelles has been conjugated with antibodies against specific endothelial surface epitopes. Antibody-conjugated filomicelles show that it is possible to formulate stable and dynamically flexible particles that successfully anchor onto their target despite the effect of blood flow.
149
Toxicity
PLGA has shown minimal systemic toxicity and excellent biocompatibility in vitro and in vivo. However, some inflammatory responses have been reported. 39, 150, 151 PGA has low solubility and a high degradation rate, with formation of an acidic product that can also provoke an 
3084
Marin et al inflammatory reaction.
14 For this reason, use of PGA in biomedical applications is limited, and other options like caprolactone, lactide, and trimethylene carbonate have been developed to eliminate these toxic products. 152 Another concern is adducts of biopolymer production which remain after purification methods. For instance, polyurethanes may contain some remnants of toxic methylene diamine that are produced by inefficient mixing, limited polymerization, and insufficient post purification of the polymer. 15 Further, the products of hydrolysis of biodegradable polymers (carboxylic acid and/or hydroxyl chain end) may be oxidized, producing species such as short chain carboxylic acid, that may lead to local variations in pH that trigger an inflammatory response. 15, 153 There are controversies related to the safety or toxicity of polymeric nanomaterials for biomedical application. For example, some authors report that chitosan only reduces the side effects of some drugs such as doxorubicin, but also improves therapeutic efficacy. 154 However, other studies showed that membrane damage and leakage of alanine transaminase out of the hepatocyte were due to direct interaction with chitosan nanoparticles. 155 On the other hand, polymers such as PEI are cytotoxic. 156 It has been demonstrated that PEI causes destabilization of the plasma membrane and activation of effector caspase-3, so PEI appears to be an apoptotic agent. 156 However, modifications in its structure may address this concern and make it suitable for medical application. 157, 158 Further, PEI confers resistance to enzymatic degradation, as shown by micellelike nanoparticles 159 and Tween 85-modified PEI particles 160 where DNA was completely protected when loaded into these formulations. Table 4 shows the results of in vitro toxicity studies for some of the most important biodegradable polymers used in medical applications. The majority of these results report minimal or nontoxic effects of polymer nanoparticles in themselves; however, a complete scan for possible effects of biopolymer-drug combinations at the nanosize level is required for each system.
In this review, we have focused on the toxicity of biopolymers. Other nanomaterials, such as metallic nanoparticles (gold, iron, titanium, or silica), carbon nanotubes, or fullerenes, are beyond the scope of this discussion.
Polymers with FDA approval
PLA, PLGA, and polycaprolactone are the most widely used biodegradable polymers because of their biocompatibility, biodegradability, and mechanical properties. Nevertheless, a complete list of biodegradable polymers approved by the FDA for biomedical application is shown in Table 5 . 
Conclusion
There have been many advances in the production of more stable, efficient, and safe nanocarriers, and formulations and manufacturing processes will undoubtedly continue to evolve. The treatment of major diseases with worldwide economic importance has been proven to benefit from these nanosystems, although there are still few nanodrugs available on the pharmaceutical market. Many methods for synthesis and modification of biodegradable polymers have been established, but it is still relevant to develop new technologies to allow use of minimally toxic reagents, protect the active compounds, and scale up to an industrial level.
Goals like increasing the degradation rate of polymeric matrices, reducing undesirable side effects, and improving the efficiency of drugs have been partially achieved by development of polymeric matrices which can be degraded in specific conditions and reach specific receptors that improve their cellular uptake.
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